The extension of SiGe technology towards new electronic and optoelectronic applications on the Si platform requires that Ge-rich nanostructures be obtained in a well-controlled manner. Ge deposition on Si substrates usually creates SiGe nanostructures with relatively low and inhomogeneous Ge content. We have realized SiGe nanostructures with a very high (up to 90%) Ge content. Using substrate patterning, a regular array of nanostructures is obtained. We report that electron microscopy reveals an abrupt change in Ge content of about 20% between the filled pit and the island, which has not been observed in other Ge island systems. Dislocations are mainly found within the filled pit and only rarely in the island. Selective chemical etching and electron energy-loss spectroscopy reveal that the island itself is homogeneous. These Ge-rich islands are possible candidates for electronic applications requiring locally induced stress, and optoelectronic applications which exploit the Ge-like band structure of Ge-rich SiGe.
Introduction
Si-based integrated circuit technology is dominant in the electronics market. Continued downscaling of integrated components is expected to reach its fundamental physical limits within the next few years. Nanostructured Si-based materials can provide new routes towards integrated devices, and in particular SiGe nanostructures such as self-assembled islands are highly compatible with existing CMOS-based technology. Ge, which features higher electron and hole mobilities than Si, is completely miscible with Si but features a lattice parameter which is greater by around 4.2%. This can be exploited to induce strain, further extending the versatility of the SiGe system [1] .
A key parameter regarding an Si 1 x Ge x structure is therefore the Ge content, x, both for electrical applications [2] such as source/drain stressors [3] , and also for optoelectronic applications. For example, if the self-assembled SiGe islands can be doped in situ they can demonstrate good lightemission properties at telecommunication wavelengths [4] [5] [6] . Direct-gap 0-point photoluminescence has been observed in compressively strained Ge quantum wells [7] in which the reduction of dimensionality improves the density of states. The energy of the 0-point minimum is, however, extremely sen-sitive to the Si content, and quasi-direct gap behavior may be lost for as little as ⇠10% Si (i.e. for an Si 0.1 Ge 0.9 alloy) [8, 9] .
However, it is a common feature of such self-assembled SiGe nanostructures that, during growth, deposited Ge intermixes with Si from the substrate. This means that the final Ge content x of these Si 1 x Ge x nanostructures, grown by conventional techniques such as molecular beam epitaxy or chemical vapor deposition, is often inhomogeneous and limited to quite low values [10] [11] [12] . Mechanisms leading to intermixing and their dependence on the growth conditions have been widely studied in recent years [13] [14] [15] and methods have been found to slightly increase the final Ge content, for example by stacking the structures [16] .
In this work, Ge-rich SiGe nanostructures have been grown by low-energy plasma-enhanced chemical vapor deposition (LEPECVD) on Si substrates patterned by electron-beam lithography [17, 18] . The unique features of this growth system mean that nanostructures with a high Ge content can be obtained by independently tuning the substrate temperature and deposition rate over wide ranges. Under optimum conditions, a regular array of Ge-rich SiGe islands is obtained. We demonstrate, by means of selective chemical etching and transmission electron microscopy, that the islands-nucleated on top of pre-patterned substratescontain up to 90% Ge, are homogeneous, and are relaxed. The pre-patterned pit inside the Si substrate is completely relaxed by dislocations. In contrast, we found that the island grown on top is coherent and only rarely it presents very few threading dislocations. In this way, they can slide along the interface between the island and the pit.
Experimental details

Substrate preparation and film deposition
Pit-patterned substrates were prepared by electron-beam lithography (EBL) upon an Si(001) surface cleaned by an ultrasonic treatment with organic solvents such as acetone, isopropanol and N-methyl-2-pyrrolidone. During EBL, different doses were used to create pits with final diameters of 80-200 nm and a pit center spacing of 0.75-1.50 µm [18] . By reactive ion etching (RIE), roughly 60-70 nm of Si were etched. Before growth, all samples were cleaned with RCA [19] , and the native oxide was removed by an HF dip and water rinse. Epitaxy of Ge on Si(001) by LEPECVD, at the particular range of growth rate (between 0.015 and 0.35 nm s 1 ) and substrate range temperature (650-800 C) employed here, proceeds in a Stranski-Krastanov fashion as for molecular-beam epitaxy (MBE) or ultrahigh vacuum CVD [20] .
Characterization methods
For atomic force microscopy (AFM) analyses an Innova-Veeco instrument with an ultrasharp tip (typical curvature radius 2 nm) was used in tapping mode to characterize the surface morphology of the single SiGe nanostructures. The selective wet chemical etching was performed at room temperature in a 1:1 vol (28%NH 4 OH):(30%H 2 O 2 ) solution (VLSI Selectipur) for different times, followed by a deionized water rinse. For the first 20 min, AFM images were taken after every 5 min of etching. After 20 min of etching, AFM images were taken every 10 min. Etching rates versus nominal Ge film composition are determined in previous works where it is reported that the etching rates are rather independent of the strain state of the film, increasing approximately exponentially with the Ge fraction x without preferential etching direction [21, 22] . The cross sections of the pit-island structure are obtained by high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) with collection angle , range extending from 80 to 174 mrad and a convergence semi-angle ↵ = 10 mrad. In this configuration highly sensitive Z-contrast images are obtained, where brighter contrast is correlated with higher Ge content. The high resolution TEM characterization is obtained by applying low-angle annular dark-field STEM (LAADF-STEM) imaging in a detector range extending from 22 to 57 mrad and with a convergence semi-angle ↵ = 10 mrad. Under LAADF-STEM imaging conditions, dislocations can be more clearly seen than with diffraction contrast imaging in conventional TEM [23] . Finally, the µRaman spectra were acquired in the back-scattering configuration with a 532 nm excitation wavelength in order to obtain a high signal-to-noise ratio with Ge-rich structures. Due to self-absorption, the investigated depth corresponds to about one-half of the penetration depth, ranging from about 10 to 40 nm in Ge-rich Si 1 x Ge x alloys. The microscope features a 100⇥/0.90NA objective with a spatial resolution of 360 nm. Figure 1 shows atomic force microscopy (AFM) images of islands nucleated on pits following the deposition of 2.5 nm of Ge at 770 C, at the relatively low rate of 0.015 nm s 1 . This relatively high substrate temperature was chosen to ensure high adatom mobility [17] . Micro-Raman (µRaman) measurements carried out on this and other patterns on the same wafer indicate that the Ge content is always 56-58%, confirming that the Ge content of the nanostructures is independent of the pit center spacing and pit diameter. The formation of a homogeneous and ordered array of islands, without the formation of small islands between pits, means that the migration length of the Ge adatoms, which depends on the substrate temperature (for thermally activated diffusion) and deposition time, is longer than the distance between pits.
Results and discussion
Selective wet chemical etching combined with AFM has emerged as a simple way of gathering information on the distribution of Ge within individual SiGe islands [24] [25] [26] . The measurements were carried out on samples previously analyzed by µRaman for a comparison of the Ge content in the nanostructure, proving the reproducibility and accuracy of the wet etching method. Selective wet chemical etching was performed with the same experimental conditions for different times and the results are shown in figure 2 .
The Ge content along the island axis does not depend on the particular island size and shape: this finding is consistent with data previously obtained by other methods on SiGe Figure 1 . Atomic force microscopy images of SiGe islands formed by the deposition of 2.5 nm of Ge at 770 C at a rate of 0.015 nm s
1 . An overview of the distribution of regularly spaced islands on a patterned substrate (with a spacing between pit centers of 1 µm and a pit diameter of 160 nm) is shown in panel (a). A single island, with an aspect ratio (height divided by the square root of base area) of 0.16 is shown in panel (b). {105}, {113} and {15 3 23} facets are labeled. In this case the Ge content measured by µRaman is about 56%. Thus the relatively low growth rate leads to a high degree of intermixing. Figure 2 . AFM profiles of the same island after different etching times. The nanostructure was formed by the deposition of 3 nm of Ge at 770 C at a rate of 0.015 nm s 1 (i.e. similar to figure 1) on a pit of diameter 120 nm. An AFM image is also shown after 'BPA' etching (CH 3 COOH:30%H 2 O 2 :40%HF, 3:2:1 at room temperature). This solution is particularly aggressive with respect to Ge, and it has been used as a last step to completely remove all Ge. All the material within the pit itself is removed and a small ring of material is also etched from around the pit, at the interface between the island and the substrate. This indicates some diffusion of Ge into the Si substrate underneath the island.
systems [14, 27, 28] . However, these works show that, for both coherent and dislocated islands, the Ge content increases from the substrate up to the surface. In our system, instead, there is no compositional gradient and the Ge content is already relatively high compared to SiGe islands obtained by other methods. The difference between the same island measure before and after etching corresponds to the volume of the SiGe material shell removed. The difference is calculated along the surface normal between etching times t 1 and t 2 (t 1 < t 2 ). The error due to the roughness induced during the etching process and AFM analysis is minimized partially by considering a small region defined by a small solid angle extending from the center of the island, with an error in concentration of roughly ±2%. The local Ge content x is then found from the etching rate along each surface normal using r = ae bx (1) (where r is the etching rate; and a = 7.3 ± 0.4 ⇥ 10 4 nm min 1 and b = 14.4 ± 0.1 are two constants) [21] . In figure 3 (left and center columns) we present the AFM images of islands measured after different etching times, with the color scale reporting the height in nm. AFM images have been taken every 5 min up to 20 min of total process time and then every 10 min up to complete removal of the island. In figure 3 , some representative steps of the etching process are shown. In each case, the right-hand image in each line shows the Ge content in the shell of material, calculated according to (1) , which is removed during etching as calculated from the difference in height between the two AFM images in the same line. It can be seen that the Ge content in the etched shell is homogeneous. In addition, there are no appreciable differences in composition between the base and top of the island. This result is visually clear by comparing the removed shells in panels (c), (f) and (i) in figure 3 , where the same color testifies to the same amount of Ge content. Islands grown at higher rates or lower temperatures are smaller and richer in Ge due to less intermixing, which means that the selective etching rate is very high and the whole island is removed in a very short time. Therefore, transmission electron microscopy (TEM) and electron energy-loss spectroscopy (EELS) were used to study the composition and structure of islands nucleated during LEPECVD deposition at high rate.
In particular, by EELS we have characterized the Ge content both in the pit and in the island, for islands formed by the deposition of 3 nm of Ge at 770 C at a rate of 0.38 nm s 1 (i.e. a rate 25 times higher than that in figures 1 and 2). Figure 4(a) shows a portion of a representative pit-island structure obtained by high-angle annular dark-field scanning TEM (HAADF-STEM). In this configuration highly sensitive Z-contrast images are obtained, where brighter contrast is correlated with higher Ge content, as confirmed by the following EELS results. A quantitative profile has been obtained along the pit-island structure by means of a multipoint EELS acquisition followed by compositional analyses along the white dashed line. The relative Ge and Si content profiles are indicated in figure 4(b) . It is clearly visible that the Ge content within the island remains uniform at 90 ± 5%, higher than the filled pit where the Ge content is only 70 ± 5%. The uniformity of the composition of the island characterized by EELS confirms the same trend found by chemical etching. In all cases the islands are grown on pre-patterned Si substrates by LEPECVD, but under different conditions of growth to modify the final Ge content of the nanostructure. The increase in Ge content between the pit and the island may be due to the fact that the pit fills relatively slowly (so that there is more time for intermixing), but then the island forms quickly on top of a filled pit [29] .
A cross-sectional TEM (CTEM) image of the same nanostructure is shown in figure 5 . In the cross section, the electron beam passes through both the filled pit and the Si substrate in front of (or behind) it, so that Moiré fringe patterns, produced by the lattice mismatch between Si and SiGe, are generated. These have been used to identify dislocations and to calculate the Ge content inside the filled pit. The red square in the sketch indicates schematically the sample region where Moiré fringe spacing analysis has been performed, in the cross-view bright-field (CV-BF) mode by CTEM, under weak beam conditions. In this case, the primary electron beam generates a translational Moiré pattern due to the interference of the two electron beams transmitted by the two layers of the SiGe/Si heteroepitaxial structure. The accurate measurement of the Figure 4 . Compositional analysis of a pit (diameter 120 nm) and island, formed by the deposition of 3 nm of Ge at 770 C at a rate of 0.38 nm s 1 . The HAADF-STEM image (a) is sensitive to the Ge content and grayscale contrast can been seen between the filled pit and the island. The region shown in the image is highlighted by the red square of the sketch in the inset. Calculation of the relative concentration of Si and Ge by EELS (b) along the white dashed line indicates that the Ge content in the center of the pit is 70 ± 5%, but within the island the Ge content remains uniform at 90 ± 5%. In this case the high growth rate leads to very little intermixing, so the Ge content is much higher than in figures 1 and 2. that the material is cubic) [31] . The Moiré pattern is very Figure 6 . Imperfections in the nanostructures have been revealed by means of LAADF-STEM imaging of an island nucleated on a pit with diameter ⇠250 nm after 3 nm Ge deposition at 760 C, at a deposition rate of 0.38 nm s 1 . Relaxation of the SiGe in the filled pit creates a dense network of dislocations. Misfit dislocations are present at the interface between the pit and the island, but few or no threading dislocations are present in the island. Two layers of SiO 2 and Pt respectively have been deposited at the top of the island to protect the specimen surface from Ga + during focused-ion-beam thinning.
sensitive to small tilts of the (001) lattice planes induced by dislocations: in fact, ! ⇠ 15 corresponds to a tilt of only approximately 0.4 . The presence of several interruptions of the Moiré pattern in the relaxed SiGe layer is due to the presence of misfit dislocations (MDs), which originate mainly at the interface between the filled pit and the Si substrate.
An additional high resolution TEM characterization carried out on a nanostructure nucleated on a pit of diameter 250 nm is shown in figure 6 , where the pit-island cross section is displayed by applying low-angle annular dark-field STEM (LAADF-STEM). Under LAADF-STEM imaging conditions, dislocations can be more clearly seen than with diffraction contrast imaging in conventional TEM [23] . In this case a dense tangle of misfit and threading dislocations is present in the pit, hence demonstrating its complete relaxation. On the other hand, few or no threading dislocations are present in the island.
Finally, while selective etching is a relatively fast technique for analyzing islands which are limited to intermediate Ge content and TEM-related analysis methods require extensive sample preparation, µRaman spectroscopy has also been used to give an overview of the Ge content for all the studied material. However, the 532 nm laser light penetrates through the island into the filled pit, especially if the island is small or the Ge content is low, meaning that the obtained result depends on the Ge content and strain in both the island and the pit [18] . µRaman measurements nevertheless confirm the high Ge content of ⇠80% for all the nanostructures grown at 0.38 nm s 1 , compared to the ⇠57% found for nanostructures grown at 0.015 nm s 1 . Nanostructures measured at the borders and center of the patterned regions did not present significant differences. For the same growth conditions, the Ge content is independent of the pit diameter or spacing.
Conclusions
In summary, ordered arrays of homogeneous Ge-rich SiGe nanostructures have been obtained by deposition of Ge on substrates patterned by electron-beam lithography. The high growth rate available by LEPECVD is a key factor in obtaining SiGe islands containing 80-90% Ge. The abrupt change in Ge content between the filled pit and the island, seen directly by TEM and EELS, suggests that holes may be confined in the islands by the valence band offset between the filled pit and the island [32] . Since dislocations remain at the interface between the pit and the island, the electrically active relaxed island on top of the pit may be considered virtually free of threading dislocations. This possibility is important for short-channel p-type lateral-transport electrical devices since dislocations reduce the mobility of charge carriers [33] , and also for optical applications in which dislocations act as non-radiative recombination centers [7] .
